Abstract. The crystal structures of seven (pyrazinecarbonyl)hydrazone mono-halo-benzaldehyde derivatives, N 2 C 4 H 3 CONHN¼CHC 6 H 4 X (X ¼ F, Cl or Br) are reported. In all cases, hydrogen-bonds link the planar molecules edge to edge to form ribbons which are themselves essentially planar. These ribbons are then packed face to face in a variety of ways dependent upon the position and nature of the halogen substituent. In all of the structures the molecules are found in layers one molecule thick. For the chloro-and bromo-substituted compounds three distinct forms of two-dimensional connectivity in the layers is achieved by combination of p Á Á Á p interactions with the ribbon hydrogen-bonds.
Introduction
We have been very much interested in crystal structures of series of nitrogen containing compounds, including aromatic amido compounds (1-3) [1] [2] [3] and hydrazones derived from reactions of hydrazines with arenealdehydes, (4) [4] , and arylketones (5) [5] , acylhydrazones derived from are-nealdehydes and acylhydrazines (6) [6, 7] , see Fig. 1 .
One aim in this work has been to identify, within each series, common modes of intermolecular interaction as well as variations in the patterns of the supramolecular aggregation arising from different substituents and different regioisomers. This was well illustrated in the recent reports on the supramolecular structures of various N-isonicotinoyl arylaldehyde hydrazones [6] , and N-arylpyrazi- (1: X,Y general substituents) [1] (2: X general substituent) [2] (3: X = I Y = NO 2 ) [3] (4: X = I or NO 2 ) [4] (5: X general substituent) [5] (6: X general substituent) [6, 7] (7: X = F, Cl or Br) Fig. 1 . Compounds mentioned in this article.
necarboxamides [1] . We are also interested in the interplay between intra-and intermolecular forces and the interplay of hard and soft hydrogen bonds [8] .
The emphasis on structural studies of nitrogen containing derivatives, including nitrogen heterocycles, is a consequence of our interests in the synthesis of compounds having potential biological activity, particularly against the socalled neglected diseases, such as TB. For example, syntheses of the series of N-arylpyrazinecarboxamides [1] was made with the knowledge that the parent compound pyrazinamide has well-known anti-mycobacterial activity and it is the one of the most important drugs used in tuberculosis treatment [9] [10] [11] [12] .
Following on from the study of N-arylpyrazinecarboxamides [1] , and of pyrazine-2-carbohydrazide [13] we now wish to report on the crystal structures of acylhydrazones, derived from pyrazinoylhydrazine and monohalobenzaldehydes (7: N 2 C 4 H 3 CONHN¼CHC 6 
Results and discussion

General
The synthesis of 7 was generally achieved from reactions of pyrazine-2-carboxylic acid hydrazide and halobenzaldehydes in methanol solution. NMR and IR spectral data for (7: X ¼ m-Cl and p-Cl) [14] have been previously reported and thus such data are not presented here. NMR and IR spectral data for the (7: X ¼ o-Cl) and the fluoro and bromo derivatives and MS data for all compounds are given in the Experimental section.
The samples used for the crystallographic studies were grown from EtOH solutions. While attempts were made to obtain suitable crystals for all nine possible compounds, (7: X ¼ o-, m-and p-F Cl or Br), for the X-ray study at 120 K, suitable crystals were not obtained for (7: X ¼ m-F and o-Br). However the seven compounds studied do allow comparisons of structural changes arising from differing positions of a halogen group as well as changes in the halogen substitient at a particular site. Structures of two of these compounds, (7: X ¼ o-Cl) [15] and (7: X ¼ p-Cl) [16] , have been previously reported at ambient temperature. In each case, the unit cell parameters, space groups and atomic coordinates indicate that the same phase was present at ambient and 120 K.
Crystal structures
General
For each of the compounds, 7, the asymmetric unit comprises only one molecule. As shown in Fig. 2 all of the molecules are labelled in a systematic manner. Throughout the series of compounds the bond lengths and bond angles are all within the normal ranges expected for compounds of this kind and are not discussed further.
Molecular structures
The torsion angles in Table 1 indicate that the molecules are  comparatively planar with no torsion angle departing by  more than about 15 from the ideal values of 0 or 180 corresponding to planarity and in most cases the departure is much less. The dihedral angles between lsq planes, also given in Table 1 , lead to the same conclusion. By both measures the least planar molecule is that of (7: X ¼ o-F). Each compound has the (E) configuration at the C--N double bond of the spacer group between the two aromatic rings.
The pyrazine moiety is so arranged as to allow intramolecular hydrogen-bonds N(3)--H(3N) Á Á Á N(2) in all of the molecules (Table 2a) , with trans-amido groups, i.e. the (Pyrazinecarbonyl)hydrazone 507 C5¼O1 bond is trans to the N(3)--H(3N) bond. The o-F and o-Cl substituents are on the opposite edges of their molecules than the C¼O groups. In contrast, the meta substituents are on the same edge as the C¼O groups. The situations in the N-isonicotinoyl arylaldehyde hydrazone series, 6, are somewhat different in that derivatives (6: ¼ o-Cl and o-F) have cis-amido arrangements with the o-halo substituents on the same edge of the molecule as the N--H bond. In (6: X ¼ m-Cl and m-Br), both trans amides, the meta halogens are on the edge opposite the NH bond [6] . A more complex situation pertains with (6: X ¼ m-F) arising from its two independent molecules, with one exhibiting conformational disorder [6] .
Crystal structures
It is noticeable that the N2 nitrogen in 7 does not take part in intermolecular hydrogen bonding: its participation in intramolecular hydrogen-bonding, N(3)--H(3N) Á Á Á N(2), probably precludes this. A similar position was reported to occur in (pyridine-2-carbonyl)hydrazone of 4-fluorobenzaldehyde [17] . The other ring nitrogen atom, N1, does not take part in hydrogen bonding at all.
Intermolecular hydrogen-bonds (Table 2b) link molecules, related to one another by unit cell translation, edge to edge to form ribbons which are, like the constituent molecules, relatively planar. Three modes of linkage are encountered. In (7: Fig. 3a) , which leads to a C(5)C(6)[R 1 2 (6)] chain of rings [18] . In (7: X ¼ 2-F) the linkage employs bonds of the form (Fig. 3b) and a resulting C(6)C(7)[R 1 2 (5)] chain of rings [18] . In all other cases only bonds of the form C(6)--H(6) Á Á Á O(1) are involved (Fig. 3c ), producing C(5) chains.
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T. C. Baddeley, R. A. Howie, C. H. da Silva Lima et al. Table 1 . Selected torsion angle and dihedral angles a between lsq planes ( ). ) a: D1 is the dihedral angle between plane P1, defined by N(1)/N(2)/C(1)--C(4), and plane P2 defined by O(1)/N(3)/N(4)/C(5)/C(6) and D2 is the dihedral angle between plane P2 and plane P3 defined by C(7)--C(12).
3.160(4) 144
3.175(3) 120
3.122(5) 160
3.128(6) 160
3.1856(14) 144
3.116(2) 160
Symmetry codes: In all of the structures of the chloro-and bromosubstituted compounds, the hydrogen bonded ribbons are packed face to face and related to one another by the operation of crystallographic centres of symmetry except in the case of (7: X ¼ o-Cl) where the relationship is by unit cell translation in the direction of b. In all of these cases, there is complete overlap of the molecules giving rise to p Á Á Á p interactions (Table 3) , which create one-dimensional connectivity between the ribbons and overall two dimensional connectivity in layers of molecules as shown in Fig. 4 where three distinct arrangements are shown. In (7: X ¼ o-Cl) (Fig. 4a) , the p Á Á Á p interactions provide connectivity in the direction of b in accord with the unit cell translation noted above while, in the layer shown in Fig. 4a , the hydrogen-bonded ribbons lie parallel to (110) and complete the layer connectivity. The layers are stacked in the direction of c related to one another by the operation of a crystallographic n-glide which causes alternation of the orientation of the ribbons between (110) and ( 1 110) along the length of the stack All of the molecules within a single layer are related to one another by cell translation and are, therefore, all in the same orientation with respect to the unit cell edges. Thus the chlorine atoms all lie on the same side of the layer and this is true and in the same sense for all of the layers in the stack. In (7: X ¼ m-Cl) and isostructural (7: X ¼ m-Br) (Fig. 4b) , it is the hydrogen-bond ribbon connectivity in the direction of b with p Á Á Á p interactions parallel to (110) which complete the connectivity of the C-centred 
layer. In this case, the ribbons are related to one another by the operation of crystallographic centres of symmetry and the halogen atoms, therefore, occur on both layer surfaces. The layers are stacked in the direction of c related to one another by the operation of a crystallographic cglide. This causes the alternation, along the length of the stack, of the orientation of the connnectivity of the p Á Á Á p interactions between (110) and ( 1 110).
The situation for (7: X ¼ p-Cl) and isostructural (7: X ¼ p-Br) (Fig. 4c) is similar to that just described but somewhat less complex. In this case ribbon and p Á Á Á p connectivities in the direction of a (up out the page) and b, respectively, create layers parallel to (001) which are stacked in the direction of c by means of unit cell translation. In this case also the ribbons are related to one another by the operation of crystallographic centres of sym- Cg (1) and Cg(2) are the centroids of the rings defined by N(1)/N(2)/C(1)-C(4) and C(7)-C(12), respectively. a is the dihedral angle between planes I and J. b is the angle between Cg(I) Á Á Á Cg(J) and CgI perp . g is the angle between Cg(I) Á Á Á Cg(J) and CgJ perp. Cg Á Á Á Cg is the distance between ring centroids. CgI perp is the perpendicular distance of Cg(I) on ring J. CgJ perp is the perpendicular distance of Cg(J) on ring I Slippage is the distance between Cg(I) and perpendicular projection of Cg(J) on ring I, expressed as an average value when a is non-zero and CgI perp and CgJ perp differ. Symmetry codes:
Table 4. Parameters ( A,
) for the C--H Á Á Á p interaction in 7: X ¼ o-F. Table 5 .
Cg(2) is the centroid of the ring defined by C(7)--C(12). Gamma is the angle at H between the vectors HCg and H perp . C--H,
Crystal data and structure refinement. Index ranges
Reflections 
Largest diff. peak and hole (e/ metry and the halogen atoms occur, therefore, on both layer surfaces. The structures of the fluoro-substituted compounds, however, display two distinct forms of complete three-dimensional connectivity. In the case of (7: X ¼ o-F) C--H Á Á Á p interactions (Table 4) together with intermolecular hydrogen-bonds of the form C(9)--H(9) Á Á Á F(1) (Table 2b ) link the molecules, related to one another by the operation of a crystallographic c-glide plane, to form zig-zag chains propagated in the direction of c as shown in Fig. 5a , in which the fluorine atoms are all on the same side of the chain. The zig-zig chains, related to one another by the operation of crystallographic centres of symmetry, are then linked in the direction of b by p Á Á Á p interactions (Table 3 ) thus creating two-dimensional connectivity within a layer of molecules parallel to (100). The hydrogen-bonding of the ribbons (Table 3b ), in the direction of a, completes the three-dimensional connectivity.
In the case of (7: X ¼ p-F), as shown in Fig. 5b , p Á Á Á p interactions alone suffice to provide two-dimensional connectivity in layers of molecules parallel to (100). As in the previous case the hydrogen-bonding of the ribbons (Table 2b) in the direction of a completes the threedimensional connectivity.
Experimental 3.1 General
Melting points were determined on a Buchi apparatus and are uncorrected. NMR spectra were recorded on a Bruker Avance 400 operating at 400.00 MHz ( 1 H) and 100.0 MHz ( 
Synthesis
Pyrazine-2-carboxylic acid (1.0 g) was added to a stirred solution of thionyl chloride (3.0 eq.) in MeOH (20 ml) at 0 C. The reaction mixture was allowed to warm to ambient temperature. After 1 hour, the reaction mixture was rotary evaporated to leave a residue, which was treated with an aqueous saturated solution of sodium bicarbonate (60 ml) until neutral and extracted into dichloromethane (3 Â 15 ml). The combined organic phases were dried over sodium sulfate, and rotary evaporated to leave impure methyl pyrazine-2-carboxylate, which was used as such in the following stage.
A solution of hydrazine hydrate (20 equiv.) and methyl pyrazine-2-carboxylate (1.0 g) in ethanol (33 ml) was refluxed for 2 hours, rotary evaporated and the residue of impure pyrazine-2-carbohydrazide washed with cold diethyl ether (30 ml).
Solutions of a benzaldehyde (1.2 equiv., 5 ml) in EtOH and pyrazine-2-carbohydrazide (1.0 equiv., 5 ml) in water were mixed and stirred at room temperature until TLC indicated that the reaction was complete [4 to 24 3.3 X-ray crystallography
Data collection
In all cases intensity data were obtained at 120(2) K with MoK a radiation (l ¼ 0.71073 A) by means of the EnrafNonius KappaCCD area detector diffractometer of the EPSRC National crystallographic service at the University of Southampton, UK. Data collection was carried out under the control of the program COLLECT [19] and data reduction and unit cell refinement was achieved with the COLLECT and DENZO [20] software combination. Correction for absorption, by comparison of the intensities of equivalent reflections, was applied by means of the program SADABS [21] . The program ORTEP-3 for Windows [22] has been used in the preparation of the Figures in which ellipsoids are drawn at the 50% probability level and hydrogen atoms, where shown, are represented as small spheres of arbitrary radii. Programs SHELXL-97 [23] and PLATON [24] were used in the calculation of molecular geometry.
Structure solution and refinement
In all cases solution by direct methods using SHELXS-97 [25] revealed all of the non-hydrogen atoms. The structures were then fully refined by full matrix least squares with the program SHELXL-97 [23] . In the final stages of refinement hydrogen atoms were placed in calculated positions with X--H set to 0.88 or 0.95 A for X ¼ N or C, respectively, and refined with a riding model. with U iso (H) ¼ 1.2U eq (X). Crystal data and structure refinement details are in Table 5 1 . The comparatively high R values achieved for (7: X ¼ o-F) and (7: X ¼ o-Cl) in Table 5 are attributed to the fact that only a somewhat limited amount of poor quality intensity data, obtained from less than ideal sample crystals, were available for the refinements.
